Abstract: We demonstrate that the polarization states of higher harmonics emitted from crystalline solids (here silicon, quartz) are determined by both crystal symmetry and nonperturbative dynamics, opening the door to strong-field control of the harmonics' polarization states. Extending attoscience from atoms and molecules to condensed matter and nanosystems is currently one of the most fascinating frontiers of ultrafast physics. Adapting attosecond metrology techniques to observe and control electronic dynamics on sub-optical-cycle time scales opens up unprecedented opportunities for PHz electronic signal processing.
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Since its first observation by Ghimire et al. [1] , the physics underlying high-harmonic generation (HHG) in solids has extensively been investigated (for a comprehensive review, see [2] ). Recent studies have, for example, demonstrated isolated attosecond XUV pulses emitted from thin SiO 2 films [3] , HHG from amorphous fused silica [4] , graphene (enhanced by driving ellipticity) [5] , or 2D transition metal dichalcogenides [5, 6] .
A striking observation is the asymmetric driver-ellipticity dependence of the HHG yield for certain crystal orientations in MgO [7] . The asymmetric, non-Gaussian-shaped ellipticity profiles are in strong contrast to the ellipticity dependence in gas-phase HHG. Later works reported the generation of circularly polarized harmonics from single-color driver pulses [8, 9] . To understand this peculiar behavior, we recently introduced an ab-initio time-dependent densityfunctional theory (TDDFT) framework that allows us to investigate the complex interplay between the coupled intraand interband dynamics giving rise to HHG without making a-priori assumptions [10] , and we theoretically investigated the ellipticity dependence of the HHG yield in Si and MgO [11] . Here, we show that the polarization states of higher harmonics emitted from crystalline Si and quartz samples are determined by both crystal symmetry [8, 9, [11] [12] [13] and nonperturbative dynamics [11] , opening the door to strong-field control of the harmonics' polarization states.
We irradiated free-standing, 2-μm-thin, (100)-cut crystalline silicon samples with 120-fs, 2.1-μm pulses from a Ti:sapphire-pumped OPA with a maximum peak intensity of 0.7 TW cm −2 (in vacuum). The driver pulse ellipticity ε was varied from ε = 0 (linear) to |ε| = 1 (circular) using a combination of quarter-wave plate (QWP) and half-wave plate (HWP) to keep the major axis of the polarization ellipse constant. Fig. 1 |ε HH | of HH5, HH7, and HH9, determined by rotating a Rochon polarizer. The harmonic ellipticities follow the driving ellipticity for ε = 0 and |ε| = 1, as expected from spin angular momentum conservation [8, 9, 11, 12] . For |ε| = 1, we find that all harmonics are circularly polarized (Fig. 2(a) ) with alternating helicities (not shown here), as determined by using a QWP and measuring the linear polarization angle. This is consistent with the selection rules for cubic crystals [8, 9, 11, 12] . In a trigonal crystal like quartz, we observe circular HH4 and HH5 with alternating helicites, and a strong intensity suppression of HH3 going from linear to circular driver, which is also compatible with the selection rules. The harmonic response for |ε| = 1 shown in Fig. 2(a) does not depend on the sample rotation θ . For elliptic driver polarizations, i.e., in between purely linear and circular polarizations (see Fig. 1 ), we observe astonishing deviations of the harmonic ellipticities from the driver ellipticity ε. In fact, for all observed harmonics we can find elliptical excitation conditions that yield perfectly circularly polarized harmonics. These 'islands' of high ellipticity sensitively depend on ε and θ for HH5 and HH9, however, for HH7 this sensitivity is less pronounced. As shown in [10, 11] , the importance of interband and intraband dynamics is determined by the joint density of states (JDOS) corresponding to the region of the Brillouin zone explored by the electrons. From this, the different behavior of the harmonics seems plausible. Fig. 2(b) shows the circularly polarized HH9 and HH7 for two different cases of ε and θ . These cases can directly be linked to the microscopic generation mechanism of solid HHG. We find both cases reproduced by our TDDFT simulations (Fig. 2(c) ), which do neither account for propagation nor surface effects, computing only the microscopic nonlinear response of the crystal. It is important to emphasize, that the harmonic ellipticities are not only governed by symmetry, but also sensitively depend on the nonperturbative dynamics of the system, as the intensity-dependent harmonic ellipticities in Fig. 2(d) reveal. In silicon, circular harmonics are generated from elliptic drivers with up to 40% efficiency compared to linear drivers, which corresponds to an 18× yield enhancement as compared to circular harmonics from circular drivers. Note that the highest harmonic order (HH9) observed in this work was limited by the spectrometer used, but for these experimental conditions our TDDFT simulations predict harmonics up into the XUV regime. Circularly polarized harmonics from solids might open up appealing new opportunities in the spectroscopy of chiral molecules, magnetic materials, and they might permit access to the different ±K valleys in valleytronics in 2D materials with a honeycomb lattice. Finally, polarization-state-resolved high-harmonic spectroscopy of solids allows to gain deeper insights into both electronic and structural dynamics as well as symmetry on sub-optical-cycle time scales, with important implications for future studies of strongly-correlated electron systems.
